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Regolitha b s t r a c t
Solar wind protons are implanted directly into the top 100 nm of the lunar near-surface region, but can
either quickly diffuse out of the surface or be retained, depending upon surface temperature and the acti-
vation energy, U, associated with the implantation site. In this work, we explore the distribution of acti-
vation energies upon implantation and the associated hydrogen-retention times; this for comparison
with recent observation of OH on the lunar surface. We apply a Monte Carlo approach: for simulated solar
wind protons at a given local time, we assume a distribution of U values with a central peak, Uc and width,
Uw, and derive the fraction retained for long periods in the near-surface. We ﬁnd that surfaces character-
ized by a distribution with predominantly large values of U (>1 eV) like that expected at defect sites will
retain implanted H (to likely form OH). Surfaces with the distribution predominantly at small values of U
(<0.2 eV) will quickly diffuse away implanted H. However, surfaces with a large portion of activation
energies between 0.3 eV < U < 0.9 eV will tend to be H-retentive in cool conditions but transform into
H-emissive surfaces when warmed (as when the surface rotates into local noon). These mid-range acti-
vation energies give rise to a diurnal effect with diffusive loss of H at noontime.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/3.0/).1. Introduction
The year 2009 was a very exciting time for lunar research, with
two major ﬁndings regarding water at the Moon: the ﬁrst ﬁnding
was the Lunar Crater Observation Sensing Satellite (LCROSS) obser-
vation of copious amounts of water and ice released from the ﬂoor
of polar crater Cabeus; this observation made immediately follow-
ing the purposeful impact of a Centaur booster stage (Colaprete
et al., 2010; Schultz et al., 2010). The second ﬁnding was the dis-
covery of an OH veneer extending from the poles to equator; this
remote-sensed by its 3 lm IR spectral absorption feature detected
by instruments onboard Chandraayan-1, EPOXI, and Cassini
(Pieters et al., 2009; Sunshine et al., 2009; Clark, 2009).
While there had been past tantalizing evidence for water pres-
ent in permanently shadowed craters (Watson et al., 1961, 1963;
Arnold, 1979; Lanzerotti et al., 1981; Feldman et al., 1998), the
observation of OH in surﬁcial middle and low latitude regolith at
10–1000 ppm (Clark, 2009) was considered surprising given past
Apollo sample analysis (a thorough discussion was presented in
McCord et al. (2011)). An added feature of this veneer was the pos-sible reduction in surﬁcial OH as regions rotated into warmer local
noon, suggesting a possible diurnal effect (Sunshine et al., 2009).
This dynamic aspect pointed to a possible exogenic solar wind
source for hydroxylation (Zeller et al., 1966; Pieters et al., 2009;
Sunshine et al., 2009).
McCord et al. (2011) examined the possible sources of this
veneer, including intrinsic mineralogy, cometary and meteoric
infall, and solar wind proton/regolith interaction, and concluded
that the complex array of sources, especially feldspathic mineral-
ogy and solar wind implantation, are likely acting simultaneously
to account for the hydroxyl IR absorption. Water transport from
polar craters to mid-latitudes (liberated by impact vaporization
and sputtering) was found to be plausible but could not account
for the relatively large hydroxylation levels observed in the IR
(Farrell et al., 2013). Kramer et al. (2011) found that the local IR
OH absorption feature was reduced (less OH content) in swirl
regions associated with magnetic anomalies. The ﬁnding suggests
that hydroxylation is locally reduced where the B-ﬁeld also blocks
solar wind propagation onto the surface (Kramer et al., 2011;
Poppe et al., 2012).
In this paper, we will perform an investigation of the solar wind
implantation process, expanding the fundamental work on the
subject originally presented by Starukhina (2001, 2006, 2012).
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trapping at defect sites, and OH formation was possibly occurring
in cold lunar polar craters and on cool asteroids. The presentation
herein is an examination of the implantation and H-loitering pro-
cess which can be applied to the IR-detected, spatially-extended
OH veneer as well.2. Implantation of protons into oxygen-rich regolith
The solar wind protons and electrons ﬂow out from the Sun at
speeds nominally near 400 km/s. The density at 1 AU is typically
5 ions/cm3 containing 95% proton, 2–4% He++, and the remainder
made up of trace species of heavier ions (like O7+) (Killen et al.,
2012). However, the solar wind has variability: During impulsive
coronal mass ejections (CMEs), the speed can become in excess
of twice the nominal values, the density can be a factor of 10 times
larger than nominal values, and the relative concentration of heavy
ions (He++, O7+, etc.) can increase to beyond 20%. For airless bodies
like the Moon, the dayside surfaces are directly exposed to this fast
streaming plasma while nightside/shadowed surfaces are in a rel-
ative plasma void. In the void regions, plasma concentrations are at
1/500 of that in the nominal solar wind (Halekas et al., 2005;
Farrell et al., 2008).
Fig. 1 shows possible pathways for the incident solar wind pro-
tons. Recent observations suggest that about 1% of the incoming
protons are reﬂected back into the solar wind (Saito et al., 2008),
but this reﬂected ion component can increase to close to 50% over
magnetic anomalies (Lue et al., 2011; Poppe et al., 2012). Incoming
protons should charge exchange with the surface (Hodges, 2011)
and observation suggests that about 20% of the incoming solar
wind is re-emitted as low energy neutral H (McComas et al.,
2009; Futaana et al., 2012). However, some fraction of the incom-
ing protons may implant and ‘react’ (at defect sites, etc.) with oxy-
gen atoms in the oxide-rich regolith to form exogenically created
surﬁcial OH (as discussed by Zeller et al. (1966) and more recently
by Pieters et al. (2009), Sunshine et al. (2009), McCord et al.
(2011)). We will examine this particular implantation scenario.
Starukhina (2001, 2006, 2012) examined solar wind proton
implantation even prior to the discovery of the extended OH
veneer in 2009; this for explaining the possible build up of H in
cold trap regions of craters and on cold asteroids. As described in
these foundation-level works, 1 keV solar wind protons willFig. 1. Illustration of the possible surface interaction pathways for an implanted
solar wind proton.undergo charge exchange with the surface neutrals (see also
Hodges (2011)) and implant as H in the ﬁrst 100 nm of regolith
material. However, their diffusion time, sD, back out into free space
is a strong function of surface temperature and number of ‘trap-
ping’ defects (i.e., crystal lattice vacancies) (Starukhina, 2006,
2012; Dyar et al., 2010). The ability of a region in a crystal to locally
trap a free hydrogen is represented by the activation energy, U,
with large values of U (>1 eV) representative of locations where
the H is locally trapped and would have difﬁculty migrating away.
In contrast, low values of U that may be associated with a mostly-
uniform crystal lattice or with a vertical channel defect lead to fast
H diffusion even at relatively low temperatures. As such, the sur-
face concentration (1/m2), r, of Hs is (Starukhina, 2001)
r ¼ Fswh2=D ¼ FswsD ð1Þ
where Fsw is the solar wind ﬂux (in units of 1/m2 s), h is the
100 nm implantation depth, and D is the diffusion coefﬁcient,
D = Do exp(U/kT). Thus, the diffusion time (or H ‘loitering’ or H
retention time) is
sD ¼ h2 expðU=kTÞ=Do ð2Þ
Fig. 2 shows a family of diffusion time curves, each with the same
Do (=106 m2/s (Starukhina, 2001)) and temperature range, but hav-
ing differing activation energies, U. We also identify a lunation at
28 days or 3  106 s (horizontal line). In examining Fig. 2, we note
the following:
(1) Over the temperature range applicable to the equatorial
lunar surface, the H diffusion (retention) times span many
orders of magnitude. For example, for U = 0.5 eV, the diffu-
sion time varies from 102 s in warm regions to 1015 s in
cold (near-terminator) regions.
(2) In the lower left hand side, the curve of U = 0.2 eV corre-
sponds to either a defect-free region of the crystal or one
with a vertical ‘channel’ defect (Starukhina, 2001). In this
case, the crystal very quickly diffuses any incident protons
back into free space, on time scales of <30 s. We can think
of this surface as an ‘H-emitting’ surface, since any incident
proton returns back into space as H (McComas et al., 2009;
Futaana et al., 2012) or H2 (Starukhina, 2006).
(3) In the upper right side, the curve of U = 1.2 eV corresponds to
a region in the lattice with a vacancy or hole-type defect.
Any H in this crystal will have difﬁculties migrating, with
diffusion times greatly exceeding 3  106 s (a month) even
in the warmest locations. In this case, we can consider theFig. 2. Diffusion time as a function of temperature for a family of activation
energies, U.
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crystal can be considered ‘stuck’ there for an extended per-
iod of time.
(4) A most interesting case is the curve with U = 0.5 eV. In this
case, the local region of the crystal has a contrasting nature:
In warm regions, the surface can easily emit any H on time
scales of less than a second (above 300 K). However, below
170 K, the surface becomes H-retentive, with H trapping
times exceeding a lunation. The H would remain trapped
until this surface rotates into warmer regions when the local
lattice is then energized to move the H. This effect at inter-
mediate U values should give rise to a diurnal effect possibly
like that reported by Sunshine et al. (2009).
Transmission electron microscope analysis of the lunar regolith
indicates that the top 100 nm is defect-rich (Keller and McKay,
1997; Noble et al., 2005). Speciﬁcally, exposed grains show a rim
where the lattice has become altered by the space environment.
Some rims consist of destroyed lattice structure (i.e., amorphous
rims) due to continual solar wind destructive penetration. Other
rims have inclusions of nanophase iron that result from impact
or sputtered vapor deposits from adjacent locations (Keller and
McKay, 1997). As such, we can anticipate that exposed grains have
a distribution of crystal defects, including vacancies, channels,
crystal loss/destruction, etc.
Hence, when examining Fig. 2 and considering a ‘spoon-full’ of
local surface regolith, there is likely a distribution of defects in that
sample. Incident solar wind protons may implant in low, moderate,
or high U-valued regions depending on the distribution and nature
of defects. The exact U-value for any implantation then has a value
based in a statistical probability: For a given set of N implantations
into a local region, there is a mean, likely, U-value, hUi, and a devi-
ation or spread of U values for each of the N implantations. Com-
bining this idea with Fig. 2, one can then envision a complicated
but calculable implantation scenario in a small sample of regolith
with a moderate amount of defects, where most of the implanta-
tions occur at locations with low U values (in defect-free regions)
to thus immediately escape back out, some implant with interme-
diate U values to possibly be retained depending upon the temper-
ature, and a few implant with high U values to be retained for ‘all
time’.
This approach clearly lends itself to a Monte Carlo modeling of
implanted H, where we assume that each implanted H in a given
small sample is located at a given local time (i.e., temperature)
and depth, and is assigned an activation energy, U, in a weighted
Gaussian (normal) distribution having the form F(U)  |exp(U/
Uw)|, where Uw represents the spread in U-values for a set of
assumed defects. If the crystal is defect-free, we assume Uw is very
small (0.1 eV), but if we want to test a mature, exposed defect-
rich crystal, we can set Uw to a larger value. We note that as Uw
increases, there will be a larger population of H implantations of
intermediate U values – those values that would have a contrasting
H emission/retention behavior that could give rise to a diurnal
effect.
Since the approach is a model, we can test any population of U
we desire (like a material with an enhanced band of high U’s) to
determine the H emission/retention scenario over a lunar rotation.
We start with a simple Gaussian distribution in defect-related U-
values, since defects can be considered as quasi-random in both
number and form.3. OH formation time
As described previously (Starukhina, 2001), there are two
competing processes on any implanted H: diffusive losses vs. OHchemical formation. If an implanted H remains in the material
for some time, sreact, it will react with an O in the oxide regolith
to form OH. The OH can then migrate and has its own set of loss
processes. Consider a warm dayside surface with a crystal having
a set of intermediate U-values. In this case, diffusive losses may
be faster than OH formation times, thereby reducing the amount
of OH created in this region. In contrast, at high latitudes and the
terminator regions, diffusive loss times are so long that the H effec-
tively dwells or ‘loiters’ in the material and has time to react with
the oxides to form an internal OH. We can describe the simulta-
neously-acting source and loss processes in a (highly simpliﬁed)
continuity equation:
dnH=dt ¼ Fswh1  nH=sD  kOHnOnH  YHFswh1 ð3Þ
where Eq. (3) represents the dynamic interaction of implanted H
atoms in the regolith. The quantities nH, and nO are the concentra-
tions of hydrogen and oxygen. The ﬁrst term on the right-hand side
of the equation is the solar wind source term, with Fsw being the
solar wind proton ﬂux of nsw vsw Cos (h) (h being the ﬂow incidence
angle) and h being the interaction depth of 100 nm. The second
term on the right describes diffusive losses like that shown in
Fig. 2. The third term is loss of H by the formation (reaction) with
regolith Os to create an OH. This H loss term is a source term for
OH in a separate continuity equation describing the time evolution
of OH concentrations, creating a coupled set of continuity equa-
tions. The factor kOH is an effective chemical constant that quanti-
ﬁes the reaction between implanted Hs and regolith Os. The
fourth term on the right is H loss via solar wind sputtering, where
YH represents the sputtering yield for implanted H loss by another
incoming proton. For YH 1 this term is not signiﬁcant and will
be dropped.
As described above, one could write a second continuity equa-
tion for OH that is coupled to Eq. (3), with dnOH/dt varying with
the reaction source term, kOH nO nH, and OH diffusive, OH photo-
dissociative, and OH sputtering loss terms. This second continuity
equation is not further considered herein, but is described to illus-
trate the complexity of processes.
Ichimura et al. (2012) found that implanting D2+ into a lunar
substrate created OD, but also provided substantial OH destruction
and H loss via sputtering. The lab study nicely punctuates the con-
trasting and dynamic nature of the surface: As the implanted Hs
combine to make OH, the creation process likely becomes self-lim-
iting via saturation and sputtering.
As described in Starukhina (2001), the implantation process and
OH formation is ultimately limited by saturation: When every O in
the regolith has become bound to an H, there is a near-surface con-
centration of about 1028/m3 or a surface concentration (in a
100 nm layer) of 1021/m2. In this case, about 3% of the mass of
the regolith would consist of Hs. In a saturated state, we should
expect incoming protons to release OHs and Hs, making YH in the
sputtering term in Eq. (3) and the OH sputtering term in the OH
continuity equation relatively large. One might even expect the
process to reach a dynamic equilibrium that ceases the build up
of Hs.
The OH formation term, kOH nO nH, has units of 1/m3 s, and can
be rewritten as nH/sreact, where sreact = (kOH nO)1 is the effective
reaction time for an implanted H to form into an OH. For a regolith
that is not near saturation (sputtering losses of H, YH, can be con-
sidered 1), and in equilibrium, we can rewrite Eq. (3) as
Fswh
1 ¼ nH=sD þ nH=sreact ð4Þ
In steady state, the solar wind implantation source is balanced by
diffusive losses and by regolith H retention in the form of chemical
creation of OH. While the independent diffusion formalism
Fig. 3. Simulation test particle solar wind ion inﬂux as a function of local time.
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not have any estimate of sreact.
However, we can use the observations at the terminator to esti-
mate sreact. For example, we do know that at large solar zenith
angle (SZA) locations like at the terminator and at high latitudes,
where the surface temperature is low, there is the observation of
a 3 lm IR absorption feature (Pieters et al., 2009; Sunshine et al.,
2009) associated with trapped H (in the form of OH or water).
The estimated concentrations are at 10–1000 ppm (Clark, 2009).
Assuming the surface is in equilibrium, we can obtain an estimate
of the reaction time by re-arranging Eq. (4):
sreact ¼ nH=ðFswh1  nHs1D Þ ð5Þ
Assuming equilibrium, the solar wind source term, Fsw h1, is
greater than diffusive losses, nH sD1. Including losses, the denomina-
tor in Eq. (5) will always be less than Fsw h1 making the determi-
nation of sreact without H losses a lower limit. Also, at the cool
terminators, we can rewrite Eq. (5) using nH = nHreact, where nHreact
is the bound hydrogen that has formed an IR-detectable vibrational
state of OH at these large SZA locations. We can then obtain this
lower bounding estimate of the H to OH reaction time:
sreact > nreactH h=ðnswvswCosðhÞÞ ð6Þ
From the observed 10–1000 ppm concentration of the bonded H, nH-
react has a value ranging from 1023 to 1025/m3 (assuming all the
observed OH is related to implantation) in the implantation depth
h  100 nm. For an SZA of 85, and a value of nsw of 5  106/m3
and vsw of 400 km/s, we ﬁnd that the effective reaction time, sreact,
then has a value of >105 s at large SZAs.
We note that this relatively long sreact is not the ‘instantaneous’
reaction time of an H with an O having an unsatisﬁed bond, which
is likely very fast. Instead, this ‘effective’ reaction time includes the
implanted H’s migration time to a nearby vacancy and its existence
or ‘dwell’ time in the vacancy before combining with the O. The O
might initially be in a stable reaction in a silicon dioxide molecule,
but will have some probability of combining with the H if their
wave-functions overlap. The long sreact incorporates all of these
effects.
Also, in warmer regions at local times near noon, one would
expect the reaction time, sreact to be less since any reaction would
be more vigorous. However, the value does provide some ﬁrst esti-
mate of sreact. We also note that if sreact exceeds a time of 3–4 days,
then the local surface likely does not reach equilibrium (as
assumed in the derivation above) since the surface only spends
2–3 days in the cool terminator region. As such, one could use
the chemical argument above or instead use a time that is consis-
tent with the surface temperature gradient in longitude (i.e., a few
days) to deﬁne a long-residing, loitering H.
4. Model description and case studies
In order to better understand the evolution of implanted H, we
created a Monte Carlo simulation of the implantation process.
Speciﬁcally, we examined the dayside lunar surface (exposed to
both solar radiation and solar wind) and divided it into 12
segments based on local time, LT. We considered a patch of rego-
lith near the equator, with a temperature deﬁned as T = 280 K
Cos
1=4(h) + 100 K, and having a solar wind ﬂux of nsw vsw Cos (h),
where h is an angle of 360 (12  LT)/24. This formula has h = 0
at noontime and h = ±90 at 6 h and 18 h LT, respectively.
Fig. 3 shows the distribution of test particle ﬂux at the surface
(proxies for solar wind protons) as a function of LT. A total of
240,000 particles are used, with the ﬂux varying as the cosine of
the local time about noon. At noon, nearly 32,000 test particles
are incident with our simulated surface.We also assume that the activation energy, U, for each test par-
ticle is known in a statistical sense, but for each individual particle
is assigned a U-value based on a random-normal distribution. As
described above, smaller energy bandwidths are associated with
a more regular crystal structure. In contrast, a larger bandwidth
includes the effects from an increasing number of crystal defects.
For each hour of local time starting from dawn, given the
assigned U-value and local temperature, we can then calculate
the H diffusion time (or retention/loitering time) in the regolith.
If that time exceeds sreact of 105 s, we identify and catalog these
implantations as ‘loitering’. Such loitering Hs are thus possible can-
didates to form OH. We then move to the next adjacent LT, into a
warmer region with greater incident particle ﬂux, and perform
the same calculation on the incoming particles.
We do not know the distribution of U-values a priori, and run a
set of general cases for study and comparison. We also consider a
general form of the normal distribution of U’s: shifted Gaussian
having the form F(Uc, Uw)  |exp((U  Uc)/Uw))|, where Uc is the
central peak of the distribution and Uw is the distribution width.
For cases A–D below, we run a distribution having Uc = 0 eV such
that the distribution of U (and defects) progressively decreases
with increasing U, with Uw being the effective e1 width in energy
distribution. For cases E and F, we move the central peak in the
activation energy distribution to examine the retention of a large
number of Hs having intermediate values of U.
Across the dayside, there are two competing effects: The ﬁrst
effect is the increase in solar wind incident ﬂux as the surface
rotates toward noon LT. If the surface has a large population of high
values of U, then the surface is an H-retaining surface (see Fig. 2)
and the spatial distribution of long-lasting H will be dominated
by the source solar wind incident ﬂux that is retained. The second
effect is the increase in surface temperature as noon LT is
approached. For intermediate (and low) values of U, this allows
the surface to emit or release H, creating a loss in H-retention as
noon is approached. These two competing effects dominate the
net ﬂux of retained implantations.
We now present results from 6 cases in order to provide context
on the model runs and results:
A. F(Uc = 0 eV, Uw = 0.1 eV), surface free of defects: Fig. 4 shows (a)
the distribution of activation energies, U, from the Monte Carlo
technique for an activation energy distribution width of 0.1 eV,
along with (b) the associated diffusion times. We ﬁnd that there
are no activation energies that exceed 0.5 eV and thus no locations
that appear to be strong trapping sites. Correspondingly, none of
the diffusion times exceed a value of 1 s. Most of the diffusion
times are relatively fast (below 104 s). As such, for this surface,
the population of implanted H entirely escapes and there is no sig-
niﬁcant loitering of the H to allow the creation of OH.
Fig. 4. (a) U-values and (b) diffusion times for a distribution of activation energies
centered at the origin and with a width of 0.1 eV.
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(a) the distribution of activation energies, U, from the Monte Carlo
technique for an activation energy distribution width of 0.3 eV,
along with (b) the associated diffusion times. From Fig. 5(a) we ﬁnd
that the tail of the distribution has a small but ﬁnite number of
implantations in locations where U > 1.0 eV. Correspondingly,
there are a small but ﬁnite number of implantations that have a
residency time greater than 105 s, especially along the colder ter-
minators. The construction of the simulation is such that the test
particle implantation number in Fig. 5(b) is also a function with
LT (as shown in Fig. 3), giving rise to larger diffusion times at
low and high particle number (i.e., numbers that lie closer to 6 h
and 18 h LT for the implantation sites). Implantation number near
120,000 is located at noon LT. Fig. 5(c) shows the fraction of loiter-
ing H remaining in each local time segment and (d) the net H loi-
tering in the regolith for this case. Fig. 5(c) shows the ratio of
retained H compared to the solar wind inﬂux in the speciﬁc localFig. 5. (a) U-values and (b) diffusion times for a distribution of activation energies center
H retained for long times and (d) the number retained as a function of local time. There
regolith.time segment while Fig. 5(d) is the total number of the solar wind
implantations minus the number lost via diffusion in each LT. From
Fig. 5(c) we ﬁnd that only a small fraction (<0.6%) of the incoming
Hs are loitering in each local time segment. Over the lunation (all
local times), only 0.14% of the incoming solar wind loiters in the
regolith for >105 s. As evident in Fig. 5(d), there is a relative mini-
mum in H-retention (increase in H emission) at local noon due to
the increase in temperature for these mildly-bound implantations.
This results from the larger population of implantations with inter-
mediate U-values (0.3–0.8 eV) which created H-emission and
release in warm regions.
C. F(Uc = 0 eV, Uw = 0.6 eV), surface with many defects: Fig. 6
shows (a) the distribution of activation energies, U, from the Monte
Carlo technique for an activation energy distribution width of
0.6 eV, along with (b) the associated diffusion times. From
Fig. 6(a) we ﬁnd that the tail of the distribution has a relatively
large number of implantations in locations where U > 1.0 eV, with
many implantations residing between 1.0 < U < 2.0 eV, and even
some with U > 2 eV. Correspondingly, there are a large number of
implantations that have a residency time greater than 105 s, espe-
cially along the colder terminators (high and low implantation
number). Some of the H diffusion times are in excess of 1 By (or
1016.5 s) implying very long-term loitering for these Hs. It is likely
that other processes like impact vaporization would release these
Hs before they diffuse out of the regolith. Fig. 6(c) shows the frac-
tion of H loitering in each local time segment and (d) the net H loi-
tering as a function of LT for this case. The total fraction of loitering
H is 10% of the incoming solar wind. As evident in Fig. 6(c), even at
noon, nearly 8% of the incoming Hs are being retained for long peri-
ods. From Fig. 6(d), we do not observe a net relative minimum in H
retention at local noon: The difference in fraction being retained
from 7 h LT to noon LT drops from 0.17 to 0.08 (Fig. 7(c)), but this
mild 50% decrease in retention is offset by the factor of 6 solar
wind ﬂux increase from terminator to noon. In essence, the mild
noon-time temperature-created emission is offset by the larger
solar wind incident ﬂux which creates many more loitering H
implantations.
D. F(Uc = 0 eV, Uo = 0.9 eV), surface with many defects:We ran the
case for Uw = 0.9 eV and it appeared very similar to the Uw = 0.6 eV
case, but now had even more implantations with U > 1.0 eV and aed at the origin and with a width of 0.3 eV. Panel (c) shows the associated fraction of
is a minimum in H retention at local noon due to the faster diffusion in the warmer
Fig. 6. (a) U-values and (b) diffusion times for a distribution of activation energies centered at the origin and with a width of 0.6 eV. Panel (c) shows the associated fraction of
H retained for long times and (d) the number retained as a function of local time. There is not a local minimum at noon LT, since there is a large portion of the distribution
with U > 1 eV that traps H even in regions near 400 K.
Fig. 7. (a) U-values and (b) diffusion times for a distribution of activation energies centered at 0.6 eV and with a narrow width of 0.25 eV. Panel (c) shows the associated
fraction of H retained for long times and (d) the number retained as a function of local time.
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relative maximum at local noon (as opposed to a local minimum).
E. F(Uc = 0.6 eV, Uw = 0.25 eV), shifted Gaussian centered at
U = 0.6 eV: Fig. 7 shows (a) the distribution of activation energies,
U, from the Monte Carlo technique for an activation energy distri-
bution of narrow width of 0.25 eV centered at 0.6 eV, along with
(b) the associated diffusion times. This distribution creates a large
number of implantations with long diffusion times at the cool ter-
minator, but the population of diffusion times drops to (mostly)
below 105 s near noon. The total number of loitering Hs for this
run is near 7%, with the LT proﬁle of the loitering Hs having a shal-
low relative minimum of about 20% at local noon compared to
7 h LT.
F. F(Uc = 0.9 eV, Uw = 0.1 eV), shifted Gaussian centered at
U = 0.9 eV: Fig. 8 shows a contrived construction having (a) thedistribution of activation energies, U, of very narrow width,
0.1 eV, centered at a relatively high energy of 0.9 eV, along with
(b) the associated diffusion times. While H is mostly retained at
the terminators (Fig. 8(b), low and high numbered implanta-
tions), the diffusion times of the distribution systematically drop
to below 105 s by noon. This distribution is specially designed to
test our understanding: To ﬁnd a Uc/Uw range that creates mostly
loitering Hs at terminators but a large number of emitting Hs in
warmest regions, represented by a deep minimum number at
noon. Fig. 8(c) shows that nearly 80% of the implanted H at 7
and 17 h are retained for long times (>105 s), but with less than
10% being retained at local noon. The overall fraction of loitering
Hs is near 22%, with the net loitering Hs having a relative mini-
mum of about 60% at local noon compared to the 7 h retention
values (Fig. 8(d)).
Fig. 8. (a) U-values and (b) diffusion times for a distribution of activation energies centered at 0.9 eV and with a very narrow width of 0.1 eV. Panel (c) shows the associated
fraction of H retained for long times and (d) the number retained as a function of local time.
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As evident in Figs. 4–8, there are two characteristics of merit for
each run: (1) the total population of H retained that loiter for long
time periods (>105 s) and (2) the depth of the minimum at noon LT.
The second metric is obtained by comparing the number retained
at 8 h LT to that at noon LT (R = (N12LT  N8LT)/N8LT). This second
metric is indicative of the H liberation and emission by the increase
in temperature at local noon. It effectively identiﬁes a possible
diurnal effect like that reported by Sunshine et al. (2009) and the
value of the minimum indicates the depth of the ‘V-shaped’ loiter-
ing H proﬁle in LT like that in Figs. 5(d), 7(d) and 8(d). It should be
recognized that this calculation determines the loss of H by warm
surface emission, and not the loss of OH itself. However, the loss of
H via diffusion will provide fewer loitering Hs that are the seed for
the OH.
As such, we performed a set of runs in a more systematic way,
and the results of these two metrics are shown in Table 1 for equa-
torial runs and Table 2 for the same runs at 80 latitude (where the
maximum temperature is 230 K). There is the general trend that
for each central activation energy, Uc, the number of loitering H
atoms progressively increases with increasing distribution width,
Uw. This effect is due to having a larger portion of the distribution
with relatively large U values (U > 1 eV). In the table, the bold val-
ues indicate runs where the net loitering H proﬁle in local time had
a minimum at local noon (i.e., negative values indicative of the
depth of the minimum of the V-shaped proﬁle in LT).Table 1
Values of total fraction retained and the relative retention at noon LT (comp
proﬁle like that at the lunar equator. Bold values indicate Uc/Uw values where
that could be similar to the Moon’s mild retention (see text for further disc
Uc = 0.0 eV Uc = 0.3 eV Uc
Uw= 0.1 eV 0.0 | 0.0 0.0  | 0.0 0.0
Uw= 0.2 eV 0.0| 0.0 0.001 |-0.64 0.0
Uw= 0.3 eV 0.001 | -0.56 0.013  | -0.29 0.1
Uw= 0.4 eV 0.016 |-0.19 0.04    |+0.02 0.1
Uw= 0.6 eV 0.10   | +0.35 0.14    |+0.41 0.2
Uw=0.75 eV 0.19   |+0.54 0.22    |+0.56 0.3
Uw= 0.9 eV 0.27   |+0.64 0.30    | +0.65 0.3In our examination of U space at the Equator (Table 1), we ﬁnd
there are three classes of surfaces: (1) For low U values associated
with a defect-free crystal (or one with vertical channel defects),
there are surfaces having little/no loitering Hs. Typically, the distri-
bution of activation energies for these H-emitting surfaces are
Uc < 0.3 eV and Uw  0.1 eV. (2) For high U values, the surfaces con-
tain a large population of loitering Hs. These H-retaining surfaces
are found in Table 1 when Uc > 0.6 eV and/or Uw > 0.6 eV. A charac-
teristic of these surfaces is that they tend to have a local maximum
at noon. (3) The complex V-shaped LT proﬁles of retention, with a
minimum of loitering Hs at noon LT, tend to occur in cases of inter-
mediate Uc and Uw values, when the surface is only mildly H-
retaining (less than a few percent) and temperature has a strong
controlling inﬂuence in removing H (in Tables 1 and 2, these V-
shaped proﬁles are identiﬁed by bold values). The distribution of
U-values to obtain this noon minimum typically has Uw near or
below 0.3 eV, and has a large population of implantations between
0.3 < Uc < 0.9 eV. We note that this third class of surface ties
directly to a diurnal effect (Sunshine et al., 2009), and during each
lunation, it is expected that such surfaces will have greater relative
emission of H at noontime.
While the model has focused on equatorial effects, we also pres-
ent cases for high latitudes. Table 2 is identical in format to Table 1,
only now considering a location at 80 latitude with a temperature
that ranges from a nightside value of 100 K to noon-time value of
230 K. The bold indices are indicative of V-shaped proﬁles (where
there is a local minimum near noon LT). We note that the region ofared to 8 h LT) for a set of runs under varying Uc and Uw for a thermal
a local noontime minimum results. The shaded values are Uc/Uw values
ussion).
= 0.6 eV Uc = 0.9 eV
01 |-1.0 0.22  | -0.60
34 |-0.51 0.34  |+0.06
0   | -0.004 0.39  |+0.35
7 |+0.27 0.42  |+0.51
7   |+ 0.53 0.45  |+0.67
3   |+0.63 0.46  |+0.72
7   |+0.70 0.48  |+0.76
Table 2
Values of total fraction retained and the relative retention at noon LT (compared to 8 h LT) for a set of runs under varying Uc and Uw for a thermal
proﬁle like that at a lunar 80 Lat. Bold values indicate Uc/Uw values where a local noontime minimum is modeled. The shaded values are Uc/Uw
values that could be similar to the Moon’s mild retention (see text for further discussion).
Uc = 0.0 eV Uc = 0.3 eV Uc = 0.6 eV Uc = 0.9 eV
Uw= 0.1 eV 0.0 | 0.0 0.002|-0.62 0.49  |+0.28 1.0    |+1.0
Uw= 0.2 eV 0.003|-0.36 0.07  |+0.15 0.49  |+0.60 0.93  |+0.92
Uw= 0.3 eV 0.05  |+0.29 0.16  |+0.48 0.50  |+0.71 0.84  | +0.88
Uw= 0.4 eV 0.13  |+0.54 0.24  |+0.64 0.50  |+0.77 0.77  |+0.88
Uw= 0.6 eV 0.32  |+0.76 0.38  |+0.77 0.52  |+0.83 0.70  |+0.89
Uw= 0.75 eV 0.42 |+0.82 0.46  |+0.84 0.55  |+0.86 0.68  |+0.91
Uw= 0.9 eV 0.50  |+0.85 0.53  |+0.87 0.59  |+0.88 0.68  |+0.92
W.M. Farrell et al. / Icarus 255 (2015) 116–126 123Uc/Uw parameter space where there is a local noontime minimum
is vastly reduced compared to Table 1. Also, for most Uc values, the
H-retention increases with increasing distribution width, Uw. How-
ever, for Uc = 0.9 eV, we observe the unusual trend that the fraction
of retention actually decreases with increasing Uw. For a very nar-
row energy band near Uc = 0.9 eV, all of the implantations at high
latitude result in loitering Hs. However, as the width in energy
increases (Uw increases), there is a progressively larger fraction of
the population with lower U-values having shorter diffusion times.
For example, in the case of Uc = 0.9 eV and Uw = 0.6 eV, a large pop-
ulation of implantations are found with U < 0.5 eV, and this popu-
lation is immediately emitted. In contrast, for Uc = 0.9 eV and
Uw = 0.1 eV, the entire population has diffusion times that exceed
our deﬁning loitering time of 105 s.6. Implications for the Moon
Tables 1 and 2 show our general examination across Uc/Uw
parameter space. We can now consider how these general results
are applied to the Moon. In other words, we address the question:
where does the Moon ﬁt in comparison to the matrix of values in
Tables 1 and 2?
While the lunar surface has been irradiated by solar wind ions
for billions of years, the amount of OH is well below saturation.
Starukhina (2001) indicates that saturation occurs when every O
in the regolith has an associated H, and is 5  1028/m3 in the
top 100 nm of exposed regolith (or about 0.032 g of H per 1 g of
SiO2). However, the IR remote sensed values have a range of 10–
1000 ppm (Clark, 2009) or 1023–1025/m3 (depending upon grain
size and surﬁcial and volumetric composition (Clark, 2009; Dyar
et al., 2010)) consistent with a near-surface well below saturation.
If 100% of incoming solar wind was immediately retained (no dif-
fusion outward at any temperature), then the time to reach satura-
tion is approximately 200 yrs. As such, the net loitering values
found in the right side of Tables 1 and 2 (above 30% per lunation)
appear inconsistent with observation, since such high retention
rates should create a saturated surface in less than 1000 years of
exposure.
It is more likely that the loitering H retention is very mild (1%
per lunation), and when it gets too large is offset by other loss pro-
cesses like impact vaporization and sputtering. At the lunar equa-
tor, we are seeking U-values that provide (1) mild retention and (2)
noon LT emission (negative values of the second index) like that
reported by Sunshine et al. (2009). Such viable distributions are
indicated by the shaded portions of Table 1. Comparing this set
of possible U distributions at the equator (Table 1) with those at
high latitude (Table 2) allows us to further constrain the distribu-
tion of U consistent with that at the Moon. At high latitude, we
again seek distributions that create mild retention (since the rego-
lith is not H-saturated at these locations either). However, there is
no apparent minimum in loitering H content at local noon LT. Thisretention character is consistent with the shaded locations in
Table 2 with Gaussian function F(Uc, Uw) = F(0.0, 0.3) and F(0.3,
0.2). We note that these high latitude distributions are also a sub-
set of viable Uc and Uw values at the equator (shaded region in
Table 1). As such, we conclude that activation energy distributions
F(0.0, 0.3) and F(0.3, 0.2) provide a possible (non-unique) set of U-
values consistent with both mild loitering H retention and substan-
tial noontime equatorial H emission that are ‘Moon-like’.
The real values of Uc and Uw may even be lower than those sug-
gested here, since the resolution of Table 1 is at the 0.1–0.2 eV
level. For example, at the equator (Table 1) for Uc = 0.0 eV, the
energy bandwidth Uw of 0.2 eV provided no retention but Uw of
0.3 eV provides 0.1% total H retention. Thus, examining anywhere
from 0.2 < Uw < 0.3 eV, an overall retention value can be found that
can be closer to the observed retention levels.7. Discussion
7.1. Distribution
The last sentence of the last section hints at uniqueness of the
F(Uc, Uw) distributions to generate a character like that at the
Moon. We have assumed a priori that the distribution of activation
energies is in the form of a Gaussian normal distribution. However,
one can imagine other possible distributions that might produce
the same behavior. As such, we use the Gaussian function to
explore the Uc/Uw parameter space to gain an understanding of
basic trends. We recognize that in real-life applications, regolith
defects are likely described in a more complicated distribution
(but may be expressed as a combination of the Gaussians used
here).
The diffusion constant Do of 1  106 m2/s has been selected to
provide diffusion times like that described in Starukhina (2001)
(D  1014 m2/s at equatorial temperatures for mildly defected
material). However, the family of curves in Fig. 2 for U = 0.2, 0.5
and 1.0 eV maintain their relative position in regions of very fast
(<1 s), intermediate, and very slow (>1 month) diffusion times,
respectively, for Do values between 102 and 1010 m2/s. This
robustness is due to the dominance of the exp(U/kT) term in sD
at these temperatures. This robust aspect also applies to the use
of the loiter time, sreact  105 s from Eq. (6): Even if we are uncer-
tain in this value by a factor of 1000, the effect is to shift the Uc/Uw
values of the distribution slightly that provides the same number
of loitering-Hs as derived using sreact  105 s. Thus, the qualitative
aspects of the result remains the same even for large uncertainties
in sreact. For example, examining Fig. 2, if we move the solid white
line (deﬁning 1 month’s time) by a factor of 100 either up or down,
there is only a modest shift in the locations along each of the steep-
sloped U = U(T) curves where the surface becomes H-retaining. We
still ﬁnd a similar overall result that there are emitted and retained
Hs, only that the U = U(T) curve and line intersection point shifts
Fig. 9. Illustration of the long term effect of H retention from impact ‘reset’.
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this regard, the concept is robust even given uncertain reaction
times, initial Do, etc.
7.2. Diffusion
We point out that diffusion times of H migrating outward also
apply to H migrating inward, deeper into the regolith. We have
not investigated this possibility, but presume that the H trapped
in a vacancy (high U) cannot easily migrate outward to space or
inward to deeper locations. It is effectively trapped. Hence, we do
not focus on inward migration herein, but instead focus on the
population loitering in the surface.
We also implicitly assume that the assigned U to each H is the
largest found along a given H diffusive path. All may initially
implant in low U regions to undergo quick diffusion. However,
depending upon the distribution of U, some number of implanta-
tions may end up trapped in larger U regions.
Generally, we focus on thermal diffusion. However, diffusion
also varies as the gradient in H concentration, and we would
expect H to diffuse faster from regions of relatively high concentra-
tion of implantation sites. This rH factor was not included in the
calculation but may become more important when the regolith
becomes saturated. In fact, there may be a connection between a
rH term and the sputtering yield, YH, in Eq. (1) that warrants fur-
ther investigation. For this calculation, we assume the hydrogen
concentration is so low that the implanted H can be considered iso-
lated and independent of each other, with thermal diffusion deﬁn-
ing the migration.
7.3. Long term gardening and soil reset
The simulations herein consider implantation over a lunation.
However, the IR observations of the OH content in the lunar rego-
lith are from a long term accumulated effect. Even though the reg-
olith has been exposed to the solar wind over billions of years, the
regolith appears to be unsaturated. This effect is likely because the
H-retention is so very mild that the time for saturation is substan-
tially longer than the loss time via other processes like impact
vaporization from micro-meteoroids.
Focusing on micrometeoroids, there are two effects that the
impact energy source has on the H-retaining regolith: (1) To
release Hs via impact vaporization in the 4000 K impact environ-
ment and (2) to create a new richer set of defects in the newly-
formed melt/agglutinate material. Thus, we suspect micrometeor-
oids are a very efﬁcient mechanism for soil ‘reset’, keeping the
material from reaching a fully saturated state, yet allowing it to
more efﬁciently collect Hs between very local (1 mm  1 mm)
micro-impacts. As a consequence, the collection of H in the soils
is itself very heterogeneous based on local micro-meteoroid
history.
Fig. 9 is an illustration of this concept, showing the long term H-
collection history as a function of time in a 3  106 m2 (2 mm
diameter) area. Fig. 12 of Cintala (1992) indicates that the primary
contribution of lunar vapors and melts are from 0.1 mm
(108 kg), 10 km/s impactors. Assuming that the region affected
by such impactors is about 10 times the radius (Gault, 1973), a
micro-meteoroid gardening site is about 1 mm in radius. While a
statistical ﬂuctuating variable, the mean time between 0.1 mm
micro-meteoroid impacts, timpacts, to a 1 mm  1 mm exposed sur-
face is about 105 years (ﬂux value of 107/m2 s for a 108 kg impac-
tor from Fig. 5 of Meyer-Vernet et al. (2009)).
In Fig. 9, consider a surface at t = 0 with few defects. In this
‘ungardened’ surface, the build-up of H is slow (the slope of dNH/
dt is mild) until an impact occurs at t1. At that time, the retained
surﬁcial H atoms are mostly released in the vapor process (somemight be retained in the melt), but the surface now has new
impact-created defects that increase dNH/dt for this second post-
impact epoch. At t2, another micro-impact occurs in the
1 mm  1 mm area, which nearly resets the H content, but further
increases dNH/dt for the third epoch, etc. After each impact, we
would expect the distribution of activation energies to have their
width, Uw, to systematically widen/increase and Uc to migrate to
slightly larger values, thereby increasing dNH/dt.
7.4. Comparison to observations
The above described H-retention/impact reset scenario, albeit
non-unique, may explain why the lunar highlands tend to have
more H relative to mare: each 1 mm  1 mm area has undergone
more cycles of impacting (in a statistical sense) compared to less
mature regions. Some further evidence of this impact-varying
dNH/dt effect was described by Pieters et al. (2009), where material
in and around a fresh crater appeared to have a deeper IR 3 lm
absorption feature (relatively higher OH content). One might con-
sider that this material has a distribution of U-values with rela-
tively higher Uc and Uw values due to newly added defects
created by the impact fracturing process. As evident in Tables 1
and 2, the width of the distribution, Uw, only has to move slightly
higher from the shaded regions to get substantially more retained
H.
Prettyman et al. (2012) and McCord et al. (2012) recently
argued that solar wind implantation could not explain the high H
content observed at Vesta, since H retention in some regions of
the asteroid greatly exceed those of the Moon (by a factor of 10).
They thus suggested that H-bearing molecules originating from
carbonaceous chondrite infall as a possible alternative. McCord
et al.’s Fig. 5 shows a correlation of 2.8 lm IR band depth with dar-
ker surface material. We suggest here that H retention from a solar
wind source cannot be completely ruled out since the distribution
of activation energies in the material is simply not known. As
Tables 1 and 2 suggest, only slight changes in the distribution of
U-values gives rise to very different H-retention scenarios, some
substantially larger than the Moon case. Certainly, the same mete-
oric infall darkening the surface and delivering H-bearing minerals
might also act to enhance solar wind H-retention by creating
defects.
Meteoric infall and enhanced solar wind retention may be vari-
ables that are directly linked: Meteoric infall modiﬁes a surface
thus providing more defect sites for solar wind H loitering and cap-
ture. The fresh, disrupted material in and around impact sites may
have added defects for improved retention of Hs. As such, the two
scenarios posed in Prettyman et al. (2012) may not be an either/or
situation but rather systemically linked to each other. Meteoric
infall may ‘pre-treat’ or pre-condition the surface by forming a
more H-retentive surface (a larger dNH/dt). We often refer to
impact weathering activity as ‘gardening’ since the regolith is
overturned. It is interesting to consider that impactors may even
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material (McCord et al., 2012) and, as presented herein, by adding
surface defects to increase solar wind hydrogen retention. A similar
argument may hold for the recent near-Earth asteroid (NEA) exam
performed by Rivkin et al. (2013). Speciﬁcally, it was found that
two S-class NEAs (Eros and Ganymed) both have a 2.8 lm feature
indicative of surﬁcial OH, but it was found that this feature did not
change substantially as a function of heliospheric radial position of
the asteroid. As noted above, if the regolith of these bodies have a
distribution of U’s with only slightly larger Uw values than those in
the shaded regions in Tables 1 and 2, then we may not expect a
substantial variation with heliospheric position since the surface
would be dominated by loitering Hs.
While our alternate scenario for explaining H-retention at fresh
impacts and asteroids is inherently non-unique, it does emphasize
that the properties of the surface, herein expressed as the distribu-
tion of U values, is possibly as important as solar wind inﬂux and
temperature in explaining the presence of loitering Hs. In other
words, there is yet another variable to consider in surﬁcial OH cre-
ation by solar wind. Given the recent reports of H surface concen-
trations and characteristics at Vesta, Eros, and Ganymed that differ
from the Moon, a question is whether the distribution of U’s (or the
distribution of defects) in the asteroid material differs in some fun-
damental way from that at the Moon.
7.5. Polar regions
While this work emphasizes non-polar processes, we should
expect H-implantation and retention in polar regions and espe-
cially within permanently shadowed craters where the tempera-
tures can be below 100 K (Starukhina, 2006). However, solar
wind ion ﬂux to polar crater ﬂoors is non-uniform due to ambipo-
lar processes (Zimmerman et al., 2011) and at ﬂux levels 10–100
below that from direct incidence. However, the plasma that does
ﬂow in is likely to have long retention times. A future work is to
combine the latest solar wind ion inﬂow models (into lunar polar
craters) with H implantation and diffusion models like that here
to determine the net H retention levels along polar crater ﬂoors.
A similar argument holds for applications to Mercury: A combined
magnetospheric plasma crater inﬂow model and H implantation
model could be used to gain added insight into the origin of H at
this other body.
We note that in general the lunar polar regions have a low epi-
thermal neutron count, and this lower count is also observed in
solar-exposed neutron suppressed regions. A future study would
be to consider a distribution of activation energies that could lead
to enhanced H retention in these relatively exposed polar terrains.
Such regions may provide additional observational constraints to
better-identify and bound the distribution of activation energies,
F(Uc, Uw), for the Moon.
7.6. Other complementary works
Poston et al. (2012) have also presented a complementary
model of solar wind implantation and OH formation. They assume
that the incoming protons are captured by the regolith oxides to
chemically form OH and they then follow the OH migration, diffu-
sion, and retention path, including the creation and release of
water at the surface via OH + OH recombinative desorption
(Poston et al., 2013). A key difference in the twomodels: We herein
consider only the H diffusion and retention (expanding upon
Starukhina (2001, 2006)) that might lead to a population of loitering
H while they track the sources and losses of the OH molecules. In
essence, we are solving the H continuity equation (Eq. (3) above)
while they are examining the OH continuity equation also
described in Section 3. Both models are applicable since both Hand very likely OH are migrating. Given the observations of escap-
ing neutral H (McComas et al., 2009; Futaana et al., 2012), we con-
clude some large fraction (many 10’s of %) of the implantations
remain as unbounded Hs that either diffuse outward to be lost or
become trapped in vacancies depending upon the distribution of
activation energies and temperature, like that investigated herein.
Unbounded, diffusing Hs are then surface-emitted (see Figs. 1 and
2) to form the observed neutral H exosphere surrounding the Moon
(McComas et al., 2009; Futaana et al., 2012) or merge to become
surface-emitted as H2 (Starukhina, 2006). A future effort would
be to use our model of loitering H as the input to their OH model
(i.e., thereby combining the H and OH continuity equations). The
role of defects as described herein may also explain the difference
in laboratory results reported in Burke et al. (2011) and Ichimura
et al. (2012). The former examined H irradiation and OH creation
in anorthite and ilmenite while that latter used Apollo-collected
samples. The former found no detectable increase in OH (not
enough to be sensed in the IR). The latter did see the formation
of OD (from a D2+ beam). It may be that the anorthite and ilmenite
was not as defect-rich as the space weathered Apollo samples,
thereby giving rise to the contrasting results (McCord et al.,
2011; Starukhina, 2012). We suggest that future studies use pri-
marily space weather samples.8. Conclusion
We performed a Monte Carlo test particle simulation to deter-
mine the evolution of implanted H into lunar regolith with a crys-
talline structure containing defects. In the study, solar wind inﬂux
and the surface temperature proﬁles as a function of LT were held
constant, but the distribution of defect-related activation energies
was varied for each run. The distribution of activation energies is
representative of the crystal’s H-trapping/retentive nature. The
Monte Carlo study is relatively simple but the statistical nature
of defects has not been considered to date in previous studies of
H implantation. We conclude that the surface crystalline structure
has a great impact on the retention or release of H from solar wind
implantation. Implicit in this conclusion is intrinsic mineralogy
which connects to the distribution of defects based on crystal
strength.
We note that the simulation only determines (i.e., counts) the
number of H atoms that will reside for times >105 s, since this time
is considered possibly long enough to allow the long-dwelling Hs
to form OHs using oxygen residing in the regolith. We refer to such
long lasting implantation states as loitering Hs. While we deter-
mine the fraction of loitering H, we only infer that these might
eventually turn into OH (see the argument presented in Section 3).
A primary result is to demonstrate that H implantation and long
term H retention (i.e., loitering) is a complicated process, not only
involving solar wind proton inﬂux and surface temperature, but
also the distribution of activations energies (i.e., distribution of
defects) in a given sample of soil. Surfaces with a distribution con-
taining a large number of implantations having U-values < 0.2 eV
will have H atoms quickly diffuse away at times <0.01 s (see
Fig. 4). These fast-diffusing surfaces do not have many loitering Hs.
In contrast, the distribution containing a large portion of U-values
in excess of 1 eV will retain implanted Hs for long periods. Diffu-
sion times for some of the implantations are found to be in excess
of 1 Gy or 1016.5 s (see Fig. 6(b)). We assume other processes like
impact vaporization will release these trapped Hs over shorter
time scales. Based on Eq. (2), the residency time is controlled in
an exponential way by the ratio U/T. While T may vary by a factor
of 4 (100–400 K), U has a much broader range in possible values,
especially when considering a distribution of Us. As such, the acti-
vation energy and distribution of defects can be the dominant
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cially when the range in U is broad.
However, of special signiﬁcance are surfaces with a large por-
tion of implantations having activation energies between
0.3 eV < U < 0.9 eV. These will tend to be H-retentive in cool condi-
tions (like at the terminator) but transform into H-emissive surface
when warmed (as when the equatorial surface rotates into local
noon). This range in activation energies may explain the observed
decrease in OH at local noon (Sunshine et al., 2009), since there is
less H retention and increased H emission for solar wind implanted
in these warmed equatorial surfaces.
We found the distribution of activation energies that best char-
acterize the lunar regolith having both a mild retention and noon-
time minimum at the equator lies with a distribution center near
Uc  0 eV but distribution widths near Uw  0.2–0.3 eV; this pro-
viding a substantial portion of the U-distribution between
0.3 eV < U < 0.9 eV. A similar character can be obtained if the center
of the distribution migrates to values of 0.3 eV but had
progressively smaller widths near 0.2 eV. At cooler 80 latitudes,
these same distributions give mild retention but no noon-time
minimum.
Finally, while the Monte Carlo implantation code and applica-
tion is new, we are really applying fundamental implantation con-
cepts that originated in Starukhina (2001, 2006). Given that the
remote sensed IR 2.8 lm signature of OH was ﬁrst reported in
2009, the Starukhina (2001, 2006) implantation contributions con-
tinue to be of great impact and were truly farsighted in nature. The
emphasis therein on the nature of the surface (defects, activation
energies) in retaining H emphasizes the third key variable (besides
solar wind ﬂux and surface temperature) in advancing the under-
standing of the 3 lm IR feature at the Moon and seemingly ‘dry’
asteroids.
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